Abstract. MicroRNAs (miRNAs or miRs) have been found to participate in the development and malignant progression of human cancers by negatively mediating the expression of their target genes. Recently, miR-33b has been reported to be involved in multiple types of human cancer, including hepatocellular carcinoma (HCC). However, the underlying regulatory mechanisms of miR-33b in HCC cell growth and metastasis remain largely unclear. In the present study, RT-qPCR revealed that miR-33b was significantly downregulated in HCC tissues compared to their matched adjacent normal tissues. Moreover, the miR-33b level was significantly lower in advanced-stage HCC (stages T3-T4) compared to early-stage HCC (stages T1-T2). Furthermore, it was also downregulated in the HCC cell lines, LH86, HepG2, LMH and PLHC-1, when compared with the THLE-3 normal human liver cells. We further demonstrated that the overexpression of miR-33b led to a significant decrease in the proliferation, migration and invasion of HepG2 and LH86 cells. Luciferase reporter assay identified Sal-like protein 4 (SALL4) as a target gene of miR-33b, and its protein expression was negatively regulated by miR-33b in HepG2 and LH86 cells. Moreover, the restoration of SALL4 expression markedly reversed the inhibitory effect of miR-33b overexpression on the proliferation, migration and invasion of HepG2 and LH86 cells, indicating that SALL4 is involved in miR-33b-mediated malignant phenotypes of HCC cells. Furthermore, we found that SALL4 was significantly upregulated in HCC tissues compared to their matched adjacent normal tissues, and its increased expression was significantly associated with the advanced malignancy of HCC. Moreover, SALL4 was also upregulated in HCC cell lines compared to the THLE-3 normal human liver cells. Finally, we found that the SALL4 expression inversely correlated with the miR-33b level in HCC tissues. On the whole, the findings of our study demonstrate that miR-33b suppresses the proliferation and metastasis of HCC cells through the inhibition of SALL4 expression. Therefore, miR-33b/SALL4 may become a potential therapeutic target for the treatment of HCC.
Introduction
Hepatocellular carcinoma (HCC) is one of the most common human cancers, the incidence of which is increasing rapidly (1) . Since HCC is often diagnosed at an advanced stage, it has become a leading cause of cancer-related mortality (2) . Genetic and environmental alterations have been identified as two leading factors during HCC pathogenesis (3, 4) . Moreover, deregulations of oncogenes or tumor suppressors have been found in HCC, and the detailed roles of genetic and epigenetic factors have been extensively investigated, which may aid in the development of effective diagnostic and therapeutic strategies for HCC (5) .
Sal-like protein 4 (SALL4), a zinc finger transcription factor, has been identified as an important marker for stem cells, and is involved in the maintenance of self-renewal in embryonic stem cells (6) . Moreover, SALL4 has been found to be mainly expressed in fetal livers and has been used as a marker of several human cancers, including HCC (7, 8) . Recently, SALL4 was found to be upregulated in HCC (9) , and to promote tumorigenesis and the malignant progression of HCC (10) (11) (12) . Therefore, SALL4 may become a promising target for the treatment of HCC. However, to date, the regulatory mechanisms of action of SALL4 in HCC remain largely unknown.
MicroRNAs (miRNAs or miRs) are a class of non-coding RNAs, 18-25 nucleotides in length, that can induce mRNA degradation or suppress protein translation by binding to the 3' untranslated regions (3'UTRs) of mRNAs of specific genes (13) . Moreover, various miRNAs have been reported to play promoting or suppressive roles in human cancers by negatively mediating their target genes, which act as tumor suppressors or oncogenes (14, 15) . Therefore, revealing the roles and regulatory mechanisms of miRs seems to be important for cancer treatment. A variety of miRNAs have been found to be deregulated in HCC, such as miR-122, miR-124, miR-138 and miR-203 (16) (17) (18) (19) . Recently, miR-33a, a member of the miR-33 family, was found to inhibit HCC cell growth (20) . However, the expression, as well as the role of miR-33 in HCC has not been studied previously, at least to the best of our knowledge.
In the present study, we aimed to investigate the expression, as well as the regulatory mechanisms of miR-33b in HCC. Our data demonstrated that miR-33b was significantly downregulated in HCC tissues and cell lines, and that it suppressed the proliferation, migration and invasion of HCC cells by directly targeting SALL4, which was upregulated and inversely correlated with miR-33b in HCC.
Materials and methods
Tissue collection. This study was approved by the Ethics Committee of the 4th Affiliated Hospital of Baotou Medical College, Baotou, China. A total of 23 primary HCC tissues, as well as their matched normal adjacent specimens were collected from the 4th Affiliated Hospital of Baotou Medical College from December 2013 to June 2014. Written informed consent was obtained from all participants. Among these 23 cases of HCC, 15 were male, and 8 were female; the youngest patient was 38 years of age, and the oldest was 67 years of age, with the average age being 52.4 years. In addition, 4 patients with HCC were at T1 stage, 6 were at T2 stage, 8 were at T3 stage, and 5 were at T4 stage of the disease. None of the patients had received any pre-operative chemotherapy, radiotherapy, or embolization. The histomorphology of all the samples was confirmed by the Department of Pathology of the 4th Affiliated Hospital of Baotou Medical College). HCC tissues were immediately snap-frozen in liquid nitrogen after surgical removal.
Cell culture. The human HCC cell lines, HepG2, LH86, LMH and PLHC-1, the normal liver cell line, THLE-3, as well as the 293 cells were obtained from the Cell Bank of Baotou Medical College. The cells were cultured in Dulbecco's modified Eagle's medium (DMEM) with 10% fetal bovine serum (FBS) (both from Life Technologies, Carlsbad, CA, USA) at 37˚C in a humidified incubator containing 5% CO 2 .
Reverse transcription-quantitative RT-PCR (RT-qPCR).
Total RNA was extracted from the cells and tissues using TRIzol reagent (Life Technologies), according to the manufacturer's instructions. RNA was then converted into cDNA using the MiRNA Reverse Transcription kit (Life Technologies). Reverse transcription was performed at 16˚C for 30 min, followed by an incubation at 42˚C for 30 min and enzyme inactivation at 85˚C for 5 min. Quantitative (qPCR) was then performed to examine miR-33b expression using the miRNA qPCR Detection kit (GeneCopoeia, Rockville, MD, USA) on an ABI 7500 thermocycler (Life Technologies). The U6 gene was used as an internal reference. mRNA expression was determined using the SYBR-Green I Real-Time PCR kit (Biomics, Nantong, China) on an ABI 7500 thermocycler. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as an internal reference. The sequences of the primers used for PCR were as follows: SALL4 forward, 5'-CCCGGCAGTAAGGACTGTC-3' and reverse, 5'-TCTCTGTCTTTAGGTACACCACA-3'; and GAPDH forward, 5'-ACAACTTTGGTATCGTGGAAGG-3' and reverse, 5'-GCCATCACGCCACAGTTTC-3'. The reaction conditions were 95˚C for 5 min, followed by 40 cycles of denaturation at 95˚C for 15 sec and annealing/elongation step at 60˚C for 30 sec. The relative expression was analyzed using the 2 -ΔΔCt method, as previously described (21). Transwell assay. The invasive capacity of the HepG2 and LH86 cells was determined in 24-well Transwell chambers (BD Biosciences, Franklin Lake, NJ, USA), which has a layer of Matrigel. A cell suspension containing 5,000 cells was added to the upper chamber, and DMEM containing 10% FBS was added to the lower chamber. Following incubation for 24 h, non-invading cells, as well as the matrix gel on the interior of the inserts was removed using a cotton-tipped swab. The invasive cells on the lower surface of the membrane were stained with gentian violet (Beyotime Biotechnology, Haimen, China), and then rinsed with water and dried in air. The invasive cells were photographed and the cell number was determined under a microscope (CX23; Olympus).
Transfection. Lipofectamine 2000 (Life Technologies) was used to perform transfection according to the manufacturer's instructions. Briefly, the cells were cultured to 70% confluence, and resuspended in serum-free medium. Scramble miR (miR-NC), miR-33b mimics, miR-33b inhibitor, the pc-DNA3.1-SALL4 plasmid (all generated by Amspring, Changsha, China) and Lipofectamine 2000 were diluted with serum-free medium. The diluted Lipofectamine 2000 was added to the diluted miR or plasmid, and incubated for 20 min at room temperature, and then added to the cell suspension. Following incubation at 37˚C, 5% CO 2 for 6 h, the medium was replaced with normal serum-containing medium. The cells were then cultured for 24 h for use in the following assays. Untransfected cells were used as controls.
Western blot analysis. The cells were solubilized in cold RIPA lysis buffer (Life Technologies). Proteins were separated by 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), and transferred onto a polyvinylidene difluoride membrane (Life Technologies). The membrane was incubated with phosphate-buffered saline (PBS) containing 5% milk (Yili, Beijing, China) overnight at 4˚C, which was then incubated with rabbit anti-SALL4 polyclonal antibody (1:50; ab31968), rabbit anti-GAPDH polyclonal antibody (1:50; ab9485), at room temperature for 3 h. After being washed with PBS 3 times, the membrane was incubated with mouse anti-rabbit secondary antibody (1:10,000; ab99697) at room temperature for 1 h. An ECL kit (Pierce Chemical, Rockford, IL, USA) was then used to perform chemiluminence detection according to the manufacturer's instructions. The relative protein expression was represented as the density ratio versus GAPDH.
Bioinformatics analysis. Bioinformatics analysis was performed to predict the putative target genes of miR-33b using Targetscan 3.2 software (www.targetscan.org), according to the manufacturer's instructions.
Dual Luciferase reporter assay. The directed Mutagenesis kit (Stratagene, La Jolla, CA, USA) was used to construct the mutant type (MT) of SALL4 3'UTR lacking complimentarity with the miR-33b seed sequence, in accordance with the manufacturer's instructions. Subsequently, the wild-type (WT) SALL4 3'UTR or MT SALL4 3'UTR was cloned into the psiCHECK-2 vector (Promega, Madison, WI, USA) downstream of the Renilla luciferase gene, respectively. Subsequently, 293 cells were seeded into 48-well plates (50,000 cells/well) and cultured for 24 h. The cells were then co-transfected with the reporter vectors and the miR-33b mimic or miR-NC using Lipofectamine 2000.
Luciferase activity was measured at 48 h post-transfection using the Dual-Luciferase Reporter assay system (Promega) on an Lmax multiwell luminometer (Molecular Devices, Sunnyvale, CA, USA), in accordance with the manufacturer's instructions.
Statistical analysis. Data are expressed as the means ± SD. Statistical analysis was performed using SPSS 17.0 software (SPSS, Armonk, NY, USA). The statistical correlation of data between groups was analyzed by one-way analysis of variance (ANOVA). A value of P<0.05 was considered to indicate a statistically significant difference.
Results

miR-33b is downregulated in HCC.
To elucidate the role of miR-33b in HCC, we first conducted RT-qPCR to determine its expression levels in HCC tissues and cell lines. The expression levels of miR-33b were markedly decreased in the HCC tissues compared to their matched adjacent tissues (P<0.01; Fig. 1A  and B) . Moreover, our data demonstrated that the miR-33b level was markedly lower in the advanced-stage HCC tissues (stages (T3-T4 stages) compared to the early-stage HCC tissues (stages (T1-T2) (P<0.01), suggesting that the decreased expression of miR-33b was significantly associated with the malignant progression of HCC (Fig. 1C) . We further demonstrated that miR-33b was significantly downregulated in the HCC cell lines, HepG2, LH86, LMH and PLHC-1, when compared to the normal liver cell line, THLE-3 ( Fig. 1D; P<0 .01). Therefore, miR-33b is downregulated in HCC.
Overexpression of miR-33b suppresses the proliferation, migration and invasion of HCC cells. As the HepG2 and LH86 cell lines showed the most significant decrease in miR-33b expression, we used them in our in vitro experiments to determine the role of miR-33b in regulating HCC cell proliferation, migration and invasion. As miR-33b was downregulated in HCC, a miR-33b mimic was used to transfect the HepG2 and LH86 cells in order to upregulate the expression of miR-33b. As shown in Fig. 2A , the expression level of miR-33b was decreased in the HepG2 and LH86 HCC cells following transfection with the miR-33b mimic, when compared to the control group (P<0.01). However, transfection with miR-NC induced no change in miR-33b levels in the HCC cells (Fig. 2A) . MTT assay, wound healing assay and Transwell assay were further conducted to examine cell proliferation, migration and invasion, respectively. The overexpression of miR-33b led to a significant decrease in the proliferation, migration and invasion of the HepG2 and LH86 cells, compared to the control group (P<0.01; Fig. 2B-D) . These data indicate that miR-33b plays a suppressive role in HCC growth and metastasis.
SALL4, a target gene of miR-33b, is negatively mediated by miR-33b in HCC cells.
We then focused on the putative targets of miR-33b in HCC cells. Bioinformatics analysis was performed to predict the targets of miR-33b. As shown in Fig. 3A , SALL4 was found to be a putative target gene of miR-33b. To further clarify this prediction, we generated the luciferase vectors containing WT or MT of SALL4 3'UTR ( Fig. 3B and C) . Subsequently, luciferase reporter assay was conducted using the 293 cells. As shown in Fig. 3D , luciferase activity was significantly decreased in the 293 cells co-transfected with the WT SALL4 vector and miR-33b mimics, but was unaltered in the cells co-transfected with the MT SALL4 vector and miR-33b mimic, compared to the control group (P<0.01). These data indicate that miR-33b directly binds to the seed sequences within the SALL4 3'UTR.
As miRNAs generally inhibit the protein expression of their target genes, we then examined the effects of miR-33b overexpression or knockdown on the protein expression of SALL4 in HCC cells. The HepG2 and LH86 cells were transfected with the miR-33b mimic or miR-33b inhibitor. Transfection with the miR-33b mimic led to an upregulated miR-33b level, while transfection with miR-33b inhibitor resulted in a decrease in the miR-33b level (P<0.01; Fig. 3E ). We then found that the upregulation of miR-33b significantly inhibited the SALL4 protein level, while the knockdown of miR-33b expression upregulated the protein expression of SALL4 in the HepG2 and LH86 cells (P<0.01; Fig. 3F ). Therefore, we suggest that miR-33b negatively regulates the protein expression of SALL4 in HCC cells by directly binding to the 3'UTR of SALL4 mRNA.
SALL4 is involved in the miR-33b-mediated proliferation, migration and invasion of HCC cells.
We further wished to determine whether SALL4 is involved in the miR-33b-mediated proliferation, migration and invasion of HCC cells. The HepG2 and LH86 cells were transfected with the miR-33b mimic with or without the SALL4 plasmid. Following transfection, MTT assay, wound healing assay and Transwell assay were further conducted to examine cell proliferation, migration and invasion, respectively. As shown in Fig. 4A -C, the proliferative, migratory and invasive capacities of the HepG2 and LH86 cells were significantly enhanced following co-transfection with the miR-33b mimic and SALL4 plasmid, when compared to the cells transfected only with the miR-33b mimic (P<0.01), indicating that the overexpression of SALL4 reversed the suppressive effects of miR-33b overexpression on HCC cell proliferation, migration and invasion. To further verify these findings, we examined the protein levels of SALL4 in each group. The protein level of SALL4 was higher in the HepG2 and LH86 cells co-trasnfected with the miR-33b mimic and SALL4 plasmid, when compared to the HepG2 and LH86 cells transfected only with the miR-33b mimic (P<0.01; Fig. 4D ). These data further indicate that SALL4 is involved in the miR-33b-mediated malignant phenotypes of HCC cells.
SALL4 is upregulated in HCC and inversely correlates with miR-33b expression. Finally, we determined the expression levels of SALL4 in HCC tissues, as well as in their matched adjacent non-tumor tissues. The results of RT-qPCR revealed that the mRNA expression of SALL4 was significantly upregulated in the HCC tissues compared to their matched adjacent non-tumor tissues (P<0.01; Fig. 5A and B) . Moreover, the SALL4 mRNA level was markedly higher in the advanced-stage HCC tissues (stages T3-T4) compared to the early-stage HCC tissues (stages T1-T2) (P<0.01), suggesting that the increased expression of SALL4 was significantly associated with the malignant progression of HCC (Fig. 5C) . Furthermore, the western blot analysis data also indicated that the protein expression of SALL4 was upregulated in the HCC tissues compared to their matched adjacent non-tumor tissues (P<0.01; Fig. 5D ). Subsequently, we further determined the expression of SALL4 in HCC cell lines. As shown in Fig. 5E and F, the mRNA and protein expression of SALL4 was also increased in the 4 HCC cell lines compared to the normal liver cells (P<0.01). In addition, we found that the SALL4 level inversely correlated with the miR-33b level in both HCC tissues and HCC cell lines (Fig. 5G and H) . Based on these data, we suggest that miR-33b may act as a tumor suppressor in HCC through the direct inhibition of SALL4 expression.
Discussion
The role, as well as the regulatory mechanisms of miR-33b have not been previously been investigated in HCC, at least to the best of our knowledge. In the present study, we found that the expression of miR-33b was markedly reduced in HCC tissues and cell lines, when compared to the matched adjacent normal tissues and normal liver cell line. We further demonstrated that the overexpression of miR-33b suppressed the proliferation, migration and invasion of HCC cells by suppressing the protein expression of SALL4, which was significantly upregulated and inversely correlated with the miR-33b levels in HCC.
Previously, miR-33b was found to play a crucial role in controlling cholesterol and lipid metabolism in concert with their host genes, the sterol-regulatory element-binding protein (SREBP) transcription factors (22) . The deregulations of miR-33b have gradually been reported in several types of human cancer. For example, Lv et al reported that the deletion, amplification or mutation at the precursor miR-33b was detected in 10% of medulloblastomas (23) . Moreover, miR-33b and carnitine O-palmitoyltransferase type I were found to be significantly downregulated in gastric carcinoma, suggesting that the downregulation of miR-33b may be mediated by conditions that also affect the expression of lipogenic gene-related transcription factors (24) . miR-33b has also been shown to be downregulated in multiple myeloma, and to be associated with disease progression and poor prognosis (25, 26) . In the present study, we demonstrated that miR-33b was significantly downregulated in HCC tissues and cell lines, and played a suppressive role in the regulation of HCC cell proliferation, migration and invasion. Further investigations are required however, to focus on the association between miR-33b expression and the clinical characteristics of patients with HCC.
As miRNAs negatively mediate the protein expression of their target genes (27), we further studied the putative targets of miR-33b. Luciferase reporter assay revealed that SALL4 was a direct target gene of miR-33b in HCC cells, and its expression was negatively mediated by miR-33b. Recently, SALL4 has been reported to be significantly upregulated in HCC and to play an oncogenic role in the extensive network of heterogeneous cellular pathways underlying hepatocarcinogenesis, suggesting that the blockade of the oncogenic role of SALL4 confers therapeutic potential in SALL4-positive HCC (28) . In the present study, we also found that SALL4 was significantly upregulated in HCC tissues and cell lines, when compared to their matched adjacent normal tissues and normal liver cell line, respectively. Our data are consistent with those of previous studies (11, 29, 30) . Moreover, in this study, to the best of our knowledge, we demonstrated for the first time that the overexpression of SALL4 reversed the suppressive effects of miR-33b overexpression on HCC cell proliferation, migration and invasion, indicating that SALL4 is involved in the miR-33b-meditated malignant phenotypes of HCC cells. Moreover, the upregulation of SALL4 was found to inversely correlate with the downregulation of miR-33b in HCC tissues and cell lines.
Apart from SALL4, several other targets of miR-33b have also been identified in other types of cancer. For instance, Lin et al reported that miR-33b inhibited the metastasis of breast cancer cells by targeting HMGA2, SALL4 and Twist1 (31). Zhang et al found that cordycepin inhibited melanoma cell invasion by upregulating miR-33b, which further led to a significant decrease in the expression of HMGA2, Twist1 and ZEB1 (32) . Moreover, several signaling pathways have been implicated in the SALL4-mediated malignant phenotypes of HCC cells, including AKT, ERK MAPK and PKM2 (33, 34) . Accordingly, we suggest that miR-33b may also participate in the regulation of these above-mentioned signaling pathways, and this needs to be verified in future studies.
In conclusion, this study demonstrates that miR-33b, upregulated in HCC, acts as a tumor suppresser in HCC by suppressing cell proliferation, migration and invasion through the inhibition of SALL4 expression. This suggests that miR-33b/SALL4 may prove to be a potential therapeutic target for HCC.
